Nucleoside diphosphate kinase (NDPK) is a highly conserved multifunctional enzyme. It catalyses the transfer of γ phosphates from nucleoside triphosphates to nucleoside diphosphates by a mechanism that involves formation of an autophosphorylated enzyme intermediate. The phosphate is usually supplied by ATP. NDPK activity in different subcellular compartments may regulate the crucial balance between ATP and GTP or other nucleoside triphosphates. NDPKs are homo-oligomeric proteins and are predominantly localized in the cytosol. In this paper, we demonstrate that in Saccharomyces cere isiae a small fraction of total NDPK activity encoded by YNK1 is present in the intermembrane space (IMS) of mitochondria, and the corresponding protein Ynk1p in the IMS represents approx. 0.005 % of total mitochondrial proteins. Ynk1p, synthesized as a single gene product, must therefore be partitioned between cytoplasm
INTRODUCTION
Nucleoside diphosphate kinases (NDPKs) are ubiquitous and highly conserved enzymes ; they are crucial for the cellular homoeostasis of nucleoside triphosphates (NTPs) and nucleoside diphosphates (NDPs). The enzyme catalyses the transfer of a γ phosphate from NTP to NDP [1] . This involves a Ping Pong mechanism : the enzyme transiently phosphorylates itself on a conserved histidine residue at the catalytic site and then transfers the high-energy phosphate to NDP [2] . Although the enzyme has a broad substrate specificity, the high-energy phosphate is usually supplied by ATP, and the enzyme often acts as a highly localized supplier of GTP for specific reactions, such as dynamin-dependent synaptic vesicle recycling [3] . Interestingly, autophosphorylated NDPK intermediates also exhibit a protein phosphotransferase activity, thereby phosphorylating other proteins that participate in metabolism and other cellular activities [4, 5] . Furthermore, NDPKs appear to serve as signalling molecules because of their functions in development, cell differentiation, proliferation, cell motility, tumour metastasis and apoptosis [6] [7] [8] [9] [10] . Localization of NDPK activity within different cellular compartments may be critical for its functions.
Many ( 60) NDPK primary sequences and a number of crystal structures from prokaryotes to eukaryotes have been determined [11] [12] [13] . All NDPKs are homo-oligomeric proteins ; although most NDPKs are hexamers, a few bacterial enzymes are tetramers [14] . Nevertheless, they all have a very similar threedimensional structure ; each subunit contains an α\β domain with a four-stranded antiparallel β-sheet. NDPKs have been Abbreviations used : CAT, carboxyatractyloside ; HA, haemagglutinin ; IMS, intermembrane space ; NDP, nucleoside diphosphate ; NDPK, NDP kinase ; Ni-NTA, Ni 2 + -nitrilotriacetate ; NTP, nucleoside triphosphate ; ORF, open reading frame ; SE, salt-extractable ; Tom40p, 40 kDa protein of the translocase of outer mitochondrial membrane. 1 To whom correspondence should be addressed (e-mail painde!umdnj.edu).
and mitochondrial IMS fractions. A mechanism for this partitioning is suggested by our observations that interaction with a 40 kDa protein of the translocase of outer mitochondrial membrane (Tom40p), occurs preferentially with unfolded, unphosphorylated forms of Ynk1p. A population of newly translated, but not yet folded or autophosphorylated, Ynk1p intermediates may be imported into the IMS of mitochondria and trapped there by subsequent folding and oligomerization.
Within the small volume of the IMS, Ynk1p may be more concentrated and may be required to supply GTP to several important proteins in this compartment.
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found associated with different cellular compartments, including cytosol [1, 15] , plasma membrane [15] , nucleus [16] and mitochondria [17] [18] [19] [20] [21] [22] . With regard to mitochondrial localization, the enzyme, depending on the species, may reside in different subcompartments of the organelle. The pigeon NDPK [20] and the human NDPK (Nm23-H4) [18] were shown to contain a cleavable mitochondrial targeting sequence at the N-terminus of the proteins ; the former was found in the mitochondrial matrix, the latter in the mitochondrial membrane. NDPK in Dictyostelium discoideum contains an N-terminal extension, which is similar to the bipartite presequence of proteins targeted to the intermembrane space (IMS) [21] . On the other hand, NDPKs in plants do not contain an N-terminal extension and have been proposed to be present in the mitochondrial IMS [19, 22] . Nevertheless, experimental evidence for IMS localization of the protein is lacking. In the yeast Saccharomyces cere isiae, NDPK is encoded by a single nuclear gene, YNK1 [23] . The YNK1 coding sequence lacks an identifiable mitochondrial targeting sequence. However, subcellular fractionation and enzyme assays show that NDPK activity is predominantly cytoplasmic, with a small portion (approx. 3 %) associated with mitochondria [15] . These results on subcellular localization of NDPK activity have not been confirmed by experiments other than enzyme assays. This is important because the activity assay measures NDP formation and may not be completely specific for NDPK. A haploid yeast strain lacking the YNK1 gene still shows approx. 10 % of wildtype activity [23] , suggesting that other enzymes such as NTPases may interfere with the specificity of the assay [2] . Furthermore, considering such a low abundance of Ynk1p in mitochondria, it has been very difficult to rule out the possibility that isolated mitochondria were contaminated with cytoplasmic Ynk1p. In this paper, we provide several independent lines of evidence that the Ynk1p found in purified mitochondria is specifically localized to the IMS. Furthermore, we have investigated a mechanism by which Ynk1p synthesized in the cytoplasm may be partitioned between cytoplasm and IMS of mitochondria.
EXPERIMENTAL Constructs

Wild-type Ynk1p
The gene encoding the open reading frame (ORF) for Ynk1p was amplified by PCR from a yeast genomic library using primers 5h-GCGGATCCCATATGTCTAGTCAAACAGAAAGAAC-TTTTATTG-3h (sense) and 5h-GCGAATTCCTCGAGT-TCATAAATCCACTTAGCTTGATTAG-3h (antisense). The PCR product was digested with NdeI and XhoI, and cloned into the same sites of pET21b (Novagen, Madison, WI, U.S.A.). The plasmid pET21b\Ynk1p introduces a His ' tag in frame at the C-terminus of Ynk1p, and was used for bacterial expression.
Mutant Ynk1p (H119G)
His""* residue of Ynk1p was mutated to glycine (H119G) using the QuikChange TM site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.). The plasmid pET21b\Ynk1p was used as the template and the two oligonucleotides used were 5h-GGCAG-AAACGTCTGTGGCGGCAGTGATTCTGTTGATAGC-3h (sense) and 5h-GCTATCAACAGAATCACTGCCGCCACAG-ACGTTTCTGCC-3h (antisense). The mutation was confirmed by sequencing.
Ynk1p with three tandemized copies of haemagglutinin (HA) epitopes (Ynk1p-HA 3 )
The YNK1 ORF was amplified by PCR from a yeast genomic library using primers 5h-GCGGATCCCATATGTCTAGTCA-AACAGAAAGAACTTTTATTG-3h (sense) and 5h-CGCAGA-TCTTTCATAAATCCACTTAGCTTG-3h (antisense). The PCR product was digested with NdeI and BglII, and cloned into the same sites of pBS-Arh1HA3 [24] . The NdeI-SalI fragment of the resulting plasmid (pBS\Ynk1p-HA $ ), containing the YNK1 ORF and the three copies of tandemized HA tags, was cloned downstream of the constitutive yeast glyceraldehyde-3-phosphate dehydrogenase promoter in the vector pRS416 [25] . The resulting plasmid was referred to as pRS416\Ynk1p-HA $ .
Bacterial expression and purification of proteins
BL21 (DE3) codon plus cells (Stratagene), carrying the plasmid pET21b\Ynk1p or pET21b\Ynk1p (H119G), were cultured in M9 medium, supplemented with 0.1 mg\ml ampicillin and 34 µg\ml chloramphenicol at 37 mC. Protein induction and $&S-radiolabelling were done as described previously [26, 27] . Both wild-type and mutant proteins were found to be soluble. Proteins were purified on Ni# + -nitrilotriacetate (Ni-NTA)-agarose (Qiagen, Chatsworth, CA, U.S.A.), dialysed against 50 mM Tris\HCl (pH 8.0), containing 10 % (v\v) glycerol, and stored at k80 mC. Expression, radiolabelling and purification of a 40 kDa protein of the translocase of outer mitochondrial membrane (Tom40p) and pYf h1p were done as described previously [27] .
Expression of Ynk1p-HA 3 in yeast
A wild-type yeast strain BY4741 (Research Genetics, Huntsville, AL, U.S.A.) was transformed with the plasmid pRS416\Ynk1p-HA $ . The resulting strain was referred to as BY4741\ Ynk1p-HA $ . Expression of Ynk1p-HA $ was monitored by Western blots using anti-HA antibodies [24] .
Fractionation of mitochondria
Mitochondria and cytosol were isolated from S. cere isiae strain D273-10B (A.T.C.C. 24657), the ∆ynk1 deletion strain (Research Genetics) the congenic wild-type strain BY4741 or the BY4741\ Ynk1p-HA $ strain. The procedure for purifying mitochondria is described elsewhere [28] . Mitochondrial subfractions [IMS, saltextractable (SE) IMS, matrix and membrane] were prepared as described previously [29] . Protein concentrations were determined using Micro BCA Protein Assay kit (Pierce, Rockford, IL, U.S.A.).
Autophosphorylation and transphosphorylation
Intact mitochondria (100 µg of proteins) or corresponding mitochondrial subfractions were used in each autophosphorylation assay unless otherwise indicated. For some experiments, (IMSi10) or SE IMS (SEi10), corresponding to 1 mg of intact mitochondria was used (see Figures 2C and 3A) . Fractions were incubated with 1 µCi of [γ-$#P]ATP (3000 Ci\mmol ; PerkinElmer, Norwalk, CT, U.S.A.) in the absence or presence of 1 mM EDTA for 5-10 min on ice or at room temperature (25 mC) [22] . Where indicated, intact mitochondria were preincubated with 100 µg\ml carboxyatractyloside (CAT) for 5 min on ice before the addition of [γ-$#P]ATP. Purified recombinant Ynk1p was used at 1-50 ng of protein per assay. Samples were precipitated with chilled acetone and analysed by SDS\PAGE. The SDS-loading buffer contained 3.6 % SDS, 0.29 M Tris base, 86 mM dithiothreitol and 17 % glycerol. Gels were fixed with 40 % methanol and processed for autoradiography. Note that phosphohistidine is sensitive to acid and Coomassie Blue staining of proteins in methanol is poor. Therefore, when needed, a duplicate gel with identical samples was processed separately for Coomassie Blue staining in methanol\acetic acid mixture to visualize protein patterns.
For transphosphorylation assays, recombinant Ynk1p was first autophosphorylated in the presence of [γ-$#P]ATP (no EDTA) as described above, and dialysed against 50 mM Tris\ HCl (pH 8.0) and 10 % glycerol to remove excess of radiolabelled ATP. Autophosphorylated Ynk1p was then incubated with GDP (1 mM) or AMP (1 mM) in buffer containing 1 mM MgCl # . Samples were analysed by SDS\PAGE followed by autoradiography. Loss of radioactive signal from phosphorylated Ynk1p indicates the transfer of radiolabelled phosphate to its substrates [2] .
Enzyme assays
NDPK activity was measured using the coupled pyruvate kinaselactate dehydrogenase assay as described previously [1] . Assays were performed at room temperature in a total volume of 1 ml, containing 50 mM Tris\HCl (pH 7.5), 50 mM KCl, 6 mM MgCl # , 1 mM phosphoenolpyruvate, 1 mM ATP, 0.2 mM NADH, 6 units each of pyruvate kinase and lactate dehydrogenase (Sigma, St Louis, MO, U.S.A.) and 0.45 mM dTDP serving as the acceptor nucleotide. The reaction was initiated by the addition of IMS fractions equivalent to 100 µg of intact mitochondria or purified recombinant Ynk1p (1-10 ng). The decrease in absorbance at 340 nm due to oxidation of NADH reflects the amount of ADP produced. Specific activity was defined as nmol of ADP formed per min per mg of protein.
Osmotic swelling of mitochondria and protease treatment
To examine mitochondrial localization of Ynk1p-HA $ , osmotic swelling of mitochondria was performed as follows. Intact mitochondria in 20 mM Hepes\KOH (pH 7.5), 0.6 M sorbitol and 0.1 mg\ml BSA were subjected to hypotonic shock by diluting (1 : 5) with the same buffer lacking sorbitol [26] . After incubation on ice for 10 min, samples were centrifuged at 15 000 g for 2 min. The supernatant and pellet fractions represent soluble IMS and mitoplast respectively.
For protease treatment, mitochondria were subjected to hypotonic shock but soluble IMS proteins were not separated from the mitoplast pellet (' Broken mitochondria '). Mitochondria (intact or broken ; 100 µg of proteins) and cytosol (10 µg of proteins) were treated with increasing concentrations of trypsin or proteinase K in a final volume of 50 µl for 15 min on ice. After inactivation of proteases with PMSF, proteins were precipitated with 10 % (w\v) trichloroacetic acid, and analysed by Western blots.
Antibodies
Following affinity chromatography on Ni-NTA-agarose, Ynk1p-His ' was further purified on SDS gels and antibodies were raised in rabbits. Mouse monoclonal anti-HA antibodies were obtained from Covance Research Products (Berkeley, CA, U.S.A.). Other antibodies used in the present study, and the procedure for Western blotting, have been described elsewhere [30, 31] .
Immunoprecipitation
IMS fractions containing radiolabelled phosphorylated proteins were briefly incubated at room temperature with 0.2 % SDS, and diluted 10-fold with immunoprecipitation buffer [50 mM Tris\ HCl (pH 7.5)\150 mM NaCl\5 mM EDTA\1 % (v\v) Triton X-100\0.5 mM PMSF]. Samples were centrifuged at 15 000 g for 5 min to remove insoluble materials, if any, and the supernatant fractions were transferred to tubes containing anti-Ynk1p antibodies prebound to Protein A-Sepharose. Following incubation with end-over-end mixing, Sepharose beads were extensively washed with the immunoprecipitation buffer. Samples were analysed by SDS\PAGE followed by autoradiography. The corresponding preimmune serum served as a negative control [32] .
Tom40p-binding assays
The ability of various forms of Ynk1p to interact with Tom40p was tested essentially as described for other mitochondrial precursor proteins [27] . Briefly, unlabelled Ynk1p-His ' and $&S-labelled Tom40p (no His ' ) were separately incubated for 10 min at room temperature with 50 mM Tris\HCl (pH 8.0), containing 8 M urea. Samples were centrifuged at 400 000 g for 10 min. Supernatant fractions (approx. 2-3 µl) containing denatured proteins (1-2 µg of Ynk1p or 0.1-0.2 µg of Tom40p) were mixed and then diluted with 1 ml of binding buffer [50 mM Tris\HCl (pH 8.0)\1 % Triton X-100\ 10 % glycerol\40 mM potassium acetate]. After incubation at room temperature for 10 min, samples were centrifuged at 15 000 g for 10 min to remove aggregates, if any. The supernatant was transferred to an Eppendorf tube containing 25 µl of a 50% Ni-NTA-agarose suspension and incubated at room temperature for 90 min with end-over-end mixing. The beads were washed with binding buffer and bound protein complexes were eluted with SDSloading buffer containing 10 mM EDTA. Samples were analysed by SDS\PAGE, followed by Coomassie Blue staining and autoradiography. Where indicated, Ynk1p was preincubated with [γ-$#P]ATP, unlabelled ATP or ADP for 10 min on ice, before denaturation with urea. In a typical binding assay, the final concentration of urea was kept below 40 mM. Ureadenatured pYf h1p served as a positive control [27] . In some experiments, only Tom40p, not Ynk1p, was denatured with urea. Urea-denatured Tom40p was first diluted in binding buffer, followed by addition of recombinant native Ynk1p, and the assay performed as described above.
RESULTS
Bacterial expression and purification of active Ynk1p
NDPK has been previously purified from S. cere isiae total cell extract. It involves an elaborate procedure with an overall yield of approx. 10 % [33] . To investigate Ynk1p biogenesis, we took advantage of the recombinant protein. Wild-type Ynk1p with a C-terminal His ' tag was expressed in bacteria in soluble form and purified to homogeneity by Ni-NTA-agarose chromatography ( Figure 1A) . A mutant form of Ynk1p, in which the critical histidine residue at the catalytic site of the protein was replaced by glycine residue (H119G), was also expressed in bacteria with a C-terminal His ' tag and purified (results not shown). The Cterminal tag was preferred over an N-terminal tag because mitochondrial precursor proteins often contain the targeting sequence at their N-termini, and a C-terminal His ' tag does not interfere with import or functions of several mitochondrial proteins that we have studied previously [26, 27, 34, 35] .
Purified recombinant wild-type Ynk1p was found to be active based on three criteria. First, when Ynk1p (50 ng) was supplemented with [γ-$#P]ATP, it could rapidly phosphorylate itself as determined by SDS\PAGE and autoradiography ( Figure 1B , lane 1). As little as 1 ng of Ynk1p can be detected by autophosphorylation assays. In contrast, a large excess (1 µg) of mutant Ynk1p (H119G) failed to exhibit any detectable autophosphorylation, and served as a negative control (lane 2). Secondly, the high-energy radiolabelled phosphate from preformed autophosphorylated Ynk1p was specifically removed by NDPs (e.g. GDP) but not by NMPs (e.g. AMP) ( Figure 1C ). The phosphate that was removed in the presence of NDPs was used to generate the corresponding NTPs ; this transphosphorylation process required the presence of Mg# + and was blocked by chelation of metals with EDTA (results not shown) [2] . Finally, purified Ynk1p was also found to be active by spectrophotometric enzyme assays ( Figure 1D ), and the specific activity calculated to be 2.3i10' nmol of ADP formed : min −" : (mg of protein) −" . Ynk1p (H119G) did not show any detectable activity. These results confirm that Ynk1p is a NDPK of S. cere isiae.
Subcellular localization of Ynk1p
To examine Ynk1p localization, we raised antibodies against purified Ynk1p. These antibodies were able to detect easily as little as 50 ng of purified protein on Western blots ( Figure 2A , lane 2). We then tested the presence of Ynk1p in cytosol and mitochondria purified from a wild-type yeast strain. Ynk1p was easily detected in the cytosol (lane 4) but not in mitochondria (lane 5) in samples containing 100 µg of total proteins. Fractions from the ∆ynk1 deletion strain served as negative controls (lanes 6 and 7). These results suggest that Ynk1p is quite abundant in the cytosol. Should Ynk1p exist in mitochondria, it is present below the detection limit by Western blots, and may represent 0.05 % of total mitochondrial proteins. Because autophosphorylation assays were 50-100 times more sensitive than Western blots, we looked for an 18 kDa phosphorylated protein in mitochondria that might represent Ynk1p. We knew from results on the NDPK reaction cycle that the autophosphorylated intermediate might be only transiently visible because of rapid transfer of the phosphate to target substrates. This transfer process requires Mg# + and is blocked in the presence of EDTA. Intact mitochondria (100 µg of proteins) were therefore briefly incubated with [γ-$#P]ATP in the presence of EDTA and analysed by SDS\PAGE, followed by autoradiography. A major radiolabelled protein (approx. 33 kDa) was easily detected ( Figure 2B, lane 2) . The 33 kDa phosphorylated protein was present in ∆ynk1 mitochondria and was apparently unrelated to NDPK activity. Upon longer exposure of the autoradiography film, other proteins were detected but none in the vicinity of 18 kDa. Similar results were obtained when the assay was performed in the absence of EDTA or in the presence of added Mg# + (results not shown).
Ynk1p does not appear to contain a typical N-terminal mitochondrial matrix targeting signal. Since Ynk1p is a soluble protein, we suspected that the protein, if at all present in mitochondria, should be in the IMS. Together with the other obvious possibility that only a small portion (approx. 3 %) of total cellular Ynk1p might be associated with mitochondria [15] , we investigated the presence of Ynk1p in an enriched IMS fraction in our assays. A technical difficulty was that more than 100 µg of total mitochondrial proteins per lane in our SDS\ PAGE system leads to overloading and distortion of protein bands. However, the protein content of the IMS is low compared
Figure 3 Mitochondrial localization of Ynk1p by Western blots and autophosphorylation
(A) Mitochondria and cytosol were purified from a wild-type strain, and various fractions were analysed by Western blots using different antibodies. Cyto, cytosol (100 µg of proteins) ; Mito, intact mitochondria (100 µg of proteins) ; Mplast, mitoplasts corresponding to 100 µg of intact mitochondria. (B) Intact mitochondria (100-200 µg of proteins) were incubated with 1 mM EDTA in the absence or presence of CAT for 5 min on ice. Following addition of [γ-
32 P]ATP, incubation continued for another 5 min on ice. An aliquot was subjected to hypotonic shock, and released IMS proteins were subjected to immunoprecipitation. Samples were analysed by SDS/PAGE and autoradiography. Lanes 1-3, 100 µg of intact mitochondria ; lanes 4 and 5, IMS fraction corresponding to 200 µg of intact mitochondria. Iso, mitochondria at isotonic conditions ; Hypo, mitochondria subjected to hypotonic shock ; T, total sample ; S, IMS-soluble proteins released as a result of hypotonic shock to intact mitochondria ; IP, immunoprecipitation ; IS, immune serum containing anti-Ynk1p antibodies ; PI, preimmune serum.
with that of the membrane or the matrix fractions (results not shown). This allowed us to use ten times more protein for the IMS fraction in our assays. Mitochondria were subjected to hypotonic shock under conditions that rupture the outer membrane but leave the inner membrane intact. Soluble proteins (IMS) that were released as a result of the outer membrane rupture were separated by centrifugation. The resulting pellet was resuspended in buffer containing high salt, and centrifuged to separate salt-extracted supernatant from the mitoplast (Mplast) pellet [29] .
Fractions were incubated with [γ-$#P]ATP in the presence of EDTA, and analysed by SDS\PAGE, followed by autoradiography. As expected from Figure 2 (B), a 33 kDa protein was labelled in total mitochondria, and most of this protein was found in the matrix fraction (results not shown). To our surprise, however, an 18 kDa phosphorylated protein was found to be radiolabelled almost exclusively in the enriched IMS fraction with a minor amount in the salt extract ( Figure 2C, lanes 2 and  3) . The 18 kDa radiolabelled protein was not detected in the enriched IMS fraction of mitochondria isolated from the ∆ynk1 strain (lane 5). These results strongly suggest that the 18 kDa protein in wild-type mitochondria is Ynk1p. At a first glance, Ynk1p appears to be the major phosphorylated protein in the mitochondrial IMS (not shown in Figure 2C but see Figure 3B ). However, this may or may not be the case. We performed phosphorylation assays in the presence of EDTA to trap the autophosphorylated Ynk1p intermediate. Some proteins, however, may require Mg# + for phosphorylation and may remain phosphorylated only transiently. These proteins will not be detected under our assay conditions. Furthermore, it should be emphasized that we analysed our samples by SDS\PAGE under alkaline conditions. Phosphohistidine is acid-labile and base-stable. In contrast, phosphotyrosine, phosphoserine and phosphothreonine are base-labile and acid-stable, whereas phosphoaspartic acid and phosphoglutamic acids are both acidand base-labile [36] . Therefore, proteins phosphorylated at residues Tyr, Ser, Thr, Asp or Glu may not be efficiently detected in our alkaline gel system.
The intensity of phosphorylated Ynk1p in IMSi10 (i.e. IMS prepared from 1 mg of mitochondria ; Figure 2C , lane 2) corresponded to an equivalent signal expected for 50 ng of purified recombinant Ynk1p. We therefore estimate that Ynk1p represents approx. 0.005 % of total mitochondrial proteins. This is in good agreement with our spectrophotometric data for NDPK activity in the mitochondrial IMS. We measured the activity using the coupled pyruvate kinase-lactate dehydrogenase assay system [1] , and specific activities [nmol of ADP formed : min −" : (mg of total mitochondrial proteins) −" ] for wildtype and ∆ynk1 IMS fractions were found to be 144 and 9 respectively. Based on specific activity of purified Ynk1p [2.3i10' nmol of ADP formed : min −" : (mg of protein) −" ], Ynk1p in the IMS represents approx. 0.006 % of total mitochondrial proteins.
One of our concerns was that the IMSi10 fraction might be contaminated with proteins of the cytosol, mitochondrial matrix or mitochondrial membranes. To rule out this possibility, we tested various fractions for the absence or presence of marker proteins : Cyc1p (cytochrome c in SE IMS), Pgk1p (phosphoglycero kinase in the cytosol), Put2p (δ-1-pyrroline-5-carboxylate dehydrogenase of the mitochondrial matrix) and Tom40p. Identical amounts of proteins as in Figure 2 (C) were used for Westernblot analysis. As shown in Figure 3 (A), Ynk1p was detected in the cytosol and enriched IMSi10 fractions. The IMSi10 fraction did not contain any detectable Pgk1p, Put2p or Tom40p. After a long exposure of autoradiography films, these proteins still remained undetectable and only a small fraction of Cyc1p, as expected, was detected.
Another concern was the fact that we failed to detect autophosphorylated Ynk1p in intact mitochondria ( Figures 2B and  2C) . One would have expected to see a signal for Ynk1p in intact mitochondria (100 µg of proteins), particularly considering the estimated abundance (approx. 0.005 %) of Ynk1p in mitochondria and the sensitivity of autophosphorylation assays for purified Ynk1p (1 ng). To resolve this issue, we modified our assays based on the following rationale. We have demonstrated previously that ATP, added to isolated intact mitochondria, rapidly (within seconds) enters into the matrix via the ADP\ATP carrier located at the inner mitochondrial membrane [26] . However, when the ADP\ATP carrier is blocked with a specific inhibitor CAT, ATP entry into the matrix is completely inhibited, and under these conditions, added ATP resides outside of the inner membrane. We took advantage of this system to demonstrate that Ynk1p in the IMS of intact mitochondria is radiolabelled with its autophosphorylation only when the ADP\ ATP carrier is blocked with CAT.
When intact mitochondria were supplemented with [γ-$#P]ATP plus EDTA, the 33 kDa matrix protein was radiolabelled ( Figure  3B , lane 1). However, when the ADP\ATP carrier of the inner mitochondrial membrane was blocked with CAT before the addition of [γ-$#P]ATP, the labelling of 33 kDa matrix protein was strongly inhibited. More importantly, an 18 kDa protein was found to be labelled in the presence of CAT (lane 2). This 18 kDa protein was released by hypotonic shock (lane 3) that specifically releases IMS-soluble proteins but not matrix proteins, and could be immunoprecipitated using anti-Ynk1p antibodies (lane 5). Together, these results strongly suggest that a small portion of total cellular Ynk1p is present in the IMS of mitochondria.
Tagged Ynk1p protected from protease digestion in intact mitochondria
Since the amount of Ynk1p in the mitochondrial IMS is very small compared with that in the cytosol, the results presented above cannot rule out the possibility of cytoplasmic contamination. We did not observe any difference in the mobility of cytosolic and mitochondrial Ynk1p on Western blots ( Figure  3A ). This suggests that Ynk1p, like many other proteins in the mitochondrial IMS, does not contain a cleavable mitochondrial targeting sequence. Ideally, it must be demonstrated that Ynk1p, by virtue of its localization in the IMS of intact mitochondria, remains protected from external proteases. However, purified Ynk1p was found to be highly resistant to trypsin even in the absence of mitochondria ; non-phosphorylated and autophosphorylated forms of Ynk1p were equally resistant (results not shown). These results suggest that purified and active Ynk1p is tightly folded. Protection from trypsin degradation therefore cannot be used to distinguish intramitochondrial Ynk1p from cytoplasmic Ynk1p. Another problem was that anti-Ynk1p antibodies recognized Ynk1p in an enriched IMS fraction but not in total mitochondria (100 µg of proteins) ( Figure 3A) .
Both these problems can be overcome by attachment of a peptide tag that is sensitive to protease digestion and by the use of commercially available high titre antibodies against the peptide tag. We therefore generated a construct in which three HA tags in tandem were introduced at the C-terminus of Ynk1p, and the resulting chimaeric protein, Ynk1p-HA $ , was expressed in a wild-type yeast strain. We first tested the protease sensitivity of cytosolic Ynk1p-HA $ . A cytosolic fraction (10 µg of proteins) was treated with increasing concentrations of trypsin ( Figure 4A) or proteinase K (Figure 4B) , and analysed by Western blots using anti-HA antibodies. Although cytosolic Ynk1p-HA $ was readily digested by proteinase K in a dose-dependent manner (5-25 µg\ml), it was not digested even at the highest concentration of trypsin that we tested (0.2 mg\ml). The ability of proteinase K to digest Ynk1p-HA $ therefore allowed us to examine mitochondrial localization of Ynk1p-HA $ with confidence. Purified intact mitochondria (100 µg of proteins) were treated with increasing concentrations of proteinase K and analysed by Western blots using anti-Tom70p antibodies ( Figure  4C ) or anti-HA antibodies ( Figure 4D ). Tom70p is a protein of the outer mitochondrial membrane with a major portion of the protein exposed on the cytosolic side [37] . As expected, Tom70p was rapidly degraded by proteinase K. In contrast with Tom70p (and cytosolic Ynk1p-HA $ ), mitochondrial Ynk1p-HA $ remained quantitatively protected even at the highest concentration of proteinase K that we tested ( Figure 4D ). When intact mitochondria were subjected to hypotonic shock, mitochondrial Ynk1p-HA $ was released with the soluble IMS proteins ( Figure  4E ). More importantly, hypotonically released mitochondrial Ynk1p-HA $ now behaved like the cytosolic Ynk1p-HA $ , as evidenced by degradation of the protein by proteinase K ( Figure  4F ). Note that proteinase K digestion was not performed with isolated soluble IMS fraction containing Ynk1p-HA $ , instead it was done with total ' Broken mitochondria ' ( Figure 4F ). In this way, all mitochondrial samples that were treated with proteinase K in Figures 4(C) , 4(D) and 4(F) had 100 µg of proteins, thereby allowing a direct comparison. These results indicate that Ynk1p found in purified mitochondria is specifically localized to the IMS. It should be emphasized that Ynk1p-HA $ was able to assemble with wild-type Ynk1p (containing no HA tag) both in the cytosol and in the mitochondrial IMS, as evidenced by coimmunoprecipitation of tagged and untagged forms of Ynk1p by anti-HA antibodies. Furthermore, Ynk1p-HA $ was found to be as active as the wild-type Ynk1p (results not shown). These results suggest that Ynk1p-HA $ behaves like the wild-type protein in terms of protein folding, assembly and activity. Mitochondrial localization of Ynk1p-HA $ is therefore not due to any folding or assembly defect resulting from the C-terminal HA tags.
Interaction of Ynk1p with Tom40p
Nuclear-encoded and cytoplasmically synthesized mitochondrial precursor proteins, regardless of their final submitochondrial localization, are expected to interact with Tom40p, which is the core component of the protein-conducting channel of the outer mitochondrial membrane [38] [39] [40] . To investigate the interaction of Ynk1p with Tom40p, we used an assay that we recently developed for this purpose [27] . Briefly, the principle of our assay is as follows. One protein contains a His ' tag at its C-terminus and is unlabelled (e.g. Protein X-His ' ), whereas the other component does not contain a His ' tag but is radiolabelled (e.g.
$&S-labelled Protein Y). Protein X-His
' by virtue of its His ' tag binds to Ni-NTA-agarose. On the other hand, $&S-labelled Protein Y lacking a His ' tag does not bind to Ni-NTA-agarose. When the two proteins are mixed together, $&S-labelled Protein Y becomes associated with Ni-NTA-agarose only through an interaction with Protein X-His ' . One advantage of this assay is that both components can be denatured first with urea ; unfolded proteins are mixed together and then diluted in buffer containing a non-ionic detergent for them to interact. Tom40p, expressed in bacteria, is found sequestered in inclusion bodies, which can be solubilized with 8 M urea. More importantly, urea-denatured Tom40p interacts specifically with mitochondrial precursor
Figure 4 Mitochondrial localization of Ynk1p by protease protection
Mitochondria and cytosol were purified from a wild-type strain expressing Ynk1p-HA 3 . Cytosol (10 µg of proteins) was incubated for 15 min on ice in the absence or presence of increasing concentrations of trypsin (A) or proteinase K (B). Samples were analysed by Western blots using anti-HA antibodies. Purified intact mitochondria (100 µg of proteins) were incubated for 15 min on ice in the absence or presence of increasing concentrations of proteinase K. Samples were analysed by Western blots using anti-Tom70p antibodies (C) or anti-HA antibodies (D). Intact mitochondria (100 µg of proteins) were subjected to osmotic swelling, centrifuged to separate soluble IMS and ' Mplast ' fractions. Samples were analysed by Western blots using anti-HA antibodies (E). Intact mitochondria (100 µg of proteins) were subjected to osmotic swelling as in (E) but released intermembrane space proteins were not separated. Total samples (' Broken mitochondria ') were incubated for 15 min on ice in the absence or presence of increasing concentrations of proteinase K, and analysed by Western blots using anti-HA antibodies (F). The degraded fragments of Ynk1p-HA 3 in panels (B) and (F) are indicated ; the bands with * or ** represent Ynk1p with one or two HA tags respectively. Note that the calculated molecular mass of Ynk1p-HA 3 from its amino acid composition is approx. 22 kDa. However, on SDS gels the protein migrates with an estimated molecular mass of approx. 25 kDa. The molecular mass of Ynk1p on SDS gels is approx. 18 kDa.
proteins and it can be functionally reconstituted into liposomes [27, 40] .
Urea-denatured $&S-labelled Tom40p (no His ' ) was mixed with urea-denatured unlabelled Ynk1p-His ' , and the mixture was diluted in buffer containing Triton X-100. Samples were then subjected to Ni-NTA-agarose chromatography, and proteins bound to the resin were analysed by SDS\PAGE followed by Coomassie Blue staining for unlabelled Ynk1p and autoradiography for $&S-labelled Tom40p ( see the lower panel for a schematic presentation. Tom40p associated with Ynk1p (upper panel, lane 3) was comparable with that observed with pYf h1p (lane 5) ; the latter served as a positive control. pYf h1p ( yeast frataxin homologue) is a nuclearencoded mitochondrial precursor protein ; its interaction with Tom40p and its import into mitochondria are well characterized [27, 34, 35] . In the absence of Ynk1p-His ' and pYfh1p-His ' , no detectable $&S-labelled Tom40p was found to be associated with Ni-NTA-agarose, thereby serving as a negative control (upper panel, lane 2). When native or non-denatured Ynk1p (instead of urea-denatured Ynk1p) was used in the assay (lane 4), Ynk1p was able to bind to Ni-NTA agarose (middle panel) and yet no $&S-labelled Tom40p was detected in the affinity eluate (upper panel). These results suggest that Ynk1p must be unfolded to interact with Tom40p.
Effect of Ynk1p autophosphorylation on Tom40p recognition
To investigate the effect of autophosphorylation of Ynk1p on its recognition by Tom40p, we performed two sets of experiments. In the first set ( Figure 6A ), purified Ynk1p-His ' was briefly preincubated with or without [γ-$#P]ATP, denatured with urea, mixed with urea-denatured $&S-labelled Tom40p (no His ' ), diluted in buffer containing Triton X-100 and then subjected to Ni-NTA-agarose chromatography. Samples were analysed by SDS\PAGE followed by Coomassie Blue staining (bottom panel, Ynk1p-His ' ) or autoradiography (middle panel, $#P-labelled Ynk1p-His ' ; upper panel, $&S-labelled Tom40p). As expected, Ynk1p was efficiently autophosphorylated and remained autophosphorylated under the assay conditions. Auto-
Figure 6 Effect of Ynk1p autophosphorylation on its binding to Tom40p
(A) Purified Ynk1p-His 6 was incubated in the absence or presence of [γ-32 P]ATP for 5 min on ice. Samples were denatured with urea and binding to 35 S-labelled Tom40p was performed. Following Ni-NTA agarose chromatography, identical samples were analysed by two SDS gels. One gel was fixed with methanol (no acetic acid) and processed for autoradiography ; the other gel was stained with Coomassie Blue in methanol/acetic acid mixture. Note that the autoradiograph shows two radiolabelled bands, 35 3 and 4) . Surprisingly, however, Tom40p association with phosphorylated Ynk1p was reduced 70 % compared with the corresponding non-phosphorylated Ynk1p control (upper panel, cf. lanes 4 and 5).
To confirm these results further, we performed a second set of experiments with additional controls ( Figure 6B ). Purified wildtype or H119G mutant Ynk1p-His ' was incubated with unlabelled ATP or ADP, and denatured with urea. Samples were then assessed for their ability to bind to $&S-labelled Tom40p (no His ' ) as described above. Preincubation of Ynk1p with ATP, but not with ADP, significantly reduced its interaction with Tom40p ( Figure 6B, upper panel, cf. lanes 3-5) . On the other hand, preincubation of mutant Ynk1p with ATP or ADP did not have any effect on its interaction with Tom40p (cf. lanes [6] [7] [8] . The mutant protein that had been preincubated with ATP (lane 7) was recognized by Tom40p as efficiently as the wild-type protein that had not been preincubated with ATP (lane 3). The lower panel in Figure 6 (B) (Coomassie Blue staining) shows that comparable amounts of wild-type and mutant proteins were bound to Ni-NTA-agarose regardless of the absence or presence of variable components in the assay. These results strongly suggest that phosphorylated Ynk1p, compared with its nonphosphorylated form, is poorly recognized by Tom40p, and this inhibitory effect is specifically due to autophosphorylation of the protein and not due to non-specific effects of nucleotides in the assay.
DISCUSSION
NDPKs are ubiquitous enzymes with multiple functions. In eukaryotic cells, NDPK is a hexamer of identical subunits and is largely found in the cytosol. As early as 1953, NDPK was first discovered in yeast [41] and in pigeon breast muscle [42] . Although the former is widely used as a model eukaryotic system, the yeast enzyme has not received much attention. Here we have studied the biogenesis of S. cere isiae NDPK (Ynk1p) with particular emphasis on its mitochondrial targeting. We have demonstrated that Ynk1p is present in the IMS of purified mitochondria in small amounts. This conclusion is based on several independent lines of evidence. In addition to mitochondrial subfractionation, Western-blot analysis and spectrophotometric enzyme assays, we have identified an autophosphorylated Ynk1p intermediate in the IMS. When intact mitochondria were incubated with [γ-$#P]ATP plus EDTA, phosphorylated Ynk1p was not detected ; instead a matrix protein (approx. 33 kDa) was labelled ( Figures  2B and 3B ). Probably, this was due to rapid entry of ATP through the inner membrane ADP\ATP carrier into the matrix leaving little, if any, ATP available in the IMS [26] . When the ADP\ATP carrier was blocked, ATP entry into the matrix was inhibited and it remained available in the IMS. Consequently, on the one hand, labelling of the matrix-localized 33 kDa protein was inhibited ; on the other, IMS-localized Ynk1p was labelled ( Figure 3B ). We estimate that Ynk1p represents approx. 0.005 % of total mitochondrial proteins. Note that we used purified active Ynk1p as control for Western blots, autophosphorylation and enzyme assays. This allowed us to validate our quantification for such a low abundant protein by three independent methods. Although the amount of Ynk1p in the IMS is low, it should be emphasized that the volume of the IMS is very small [43] ; therefore Ynk1p may actually be more concentrated than it appears.
Ynk1p does not contain a cleavable mitochondrial targeting sequence and, therefore, its mitochondrial localization must be confirmed by protease protection, particularly to rule out the possibility of cytoplasmic contamination. However, purified recombinant Ynk1p (or cytosolic Ynk1p) was found resistant to degradation by trypsin, suggesting that the protein is tightly folded. Protease resistance of Ynk1p made it technically difficult to distinguish between Ynk1p in the mitochondrial IMS from contaminating cytosolic Ynk1p that may be associated with the outside of the mitochondrial outer membrane. To overcome this problem, we introduced three HA tags in tandem at the Cterminus of Ynk1p since we knew that HA tags are usually digested by the non-specific protease, proteinase K, at low concentrations (approx. 5-10 µg\ml). Cytosol and mitochondria were purified from a wild-type yeast strain expressing the chimaeric protein Ynk1p-HA $ , and were analysed by Western blots using anti-HA antibodies. Cytosolic Ynk1p-HA $ was degraded by proteinase K ; in contrast, mitochondrial Ynk1p-HA $ remained quantitatively protected. More importantly, when the outer mitochondrial membrane was ruptured by osmotic swelling, mitochondrial Ynk1p-HA $ was released with the soluble IMS proteins and degraded by proteinase K (Figure 4) .
Trafficking of most cytoplasmically synthesized proteins to target organelles is usually highly specific and efficient ; this keeps the cytoplasmic pool of precursor proteins low and also ensures that a particular gene product resides at a particular subcellular location where it functions. However, like Ynk1p, at least three other proteins in S. cere isiae are found predominantly in cytosol with a small fraction (approx. 1-5 %) in the mitochondrial IMS. These proteins are Cu, Zn superoxide dismutase (Sod1p), copper chaperone for superoxide dismutase and adenylate kinase (Adk1p\Aky2p). Insertion of copper cofactor into Sod1p requires copper chaperone for superoxide dismutase, and Sod1p helps in protecting mitochondria from oxidative damage. Interestingly, mitochondrial localization of Sod1p is greatly enhanced by the mitochondrial localization of copper chaperone for superoxide dismutase [43] . By analogy, it is possible that the mitochondrial import of Ynk1p in i o is controlled by interactions with a partner protein, and the partner protein may also have a dual localization in mitochondria and cytosol. Adk1p\ Aky2p is the major adenylate kinase that provides ADP for oxidative phosphorylation [44] . Similar to Ynk1p, Adk1p\Aky2p is also tightly folded [45] ; protein folding therefore seems to be a common factor that determines subcellular partitioning of these proteins between cytosol and mitochondria in i o. Another protein, Cox17p, which functions as a mitochondrial copper shuttle was also localized in the mitochondrial IMS and cytosol [46] . A major portion (60 %) of Cox17p, unlike in the case of Ynk1p ( 5 %), was found associated with mitochondria. The dual localization of Cox17p appears to correlate with the state of oligomerization of the protein ; Cox17p exists as dimers in the cytosol, and forms tetramers in the mitochondrial IMS [47] . However, the mechanism for mitochondrial targeting of Cox17p remains unclear.
When purified Ynk1p was incubated with isolated mitochondria, little, if any, Ynk1p was associated with the organelle. This suggests that the mitochondrial targeting signal of Ynk1p is buried in a folded structure and not available for its recognition by the mitochondrial import machinery. Upon unfolding with urea, a portion of Ynk1p was found associated with mitochondria (results not shown). These results suggest that Ynk1p must be unfolded to be recognized by the outer mitochondrial import machinery. To understand mitochondrial targeting of Ynk1p better, we investigated its interaction directly with Tom40p, the core component of the protein-conducting channel in the outer mitochondrial membrane. Native (non-denatured) Ynk1p was not recognized by Tom40p but urea-denatured Ynk1p was efficiently recognized ( Figure 5 ). During the course of the present study, we discovered a novel phenomenon : autophosphorylation of Ynk1p greatly inhibits its recognition by Tom40p (Figure 6 ). Together, these results suggest that not only the folding status but also the phosphorylation status of Ynk1p control its import into mitochondria.
To our knowledge, this is the first example where targeting of a protein to mitochondria is at least partly controlled by autophosphorylation of the protein. Of particular interest to this finding is our earlier report showing that some cytochrome P450 isoforms contain an N-terminal chimaeric mitochondrial and endoplasmic reticulum targeting signal [48, 49] . Differential targeting is regulated through cAMP-dependent phosphorylation of these proteins by protein kinase A : phosphorylated proteins are preferentially targeted to mitochondria. We also demonstrated that phosphorylation of cytochrome P450 isoforms increases their affinity for binding to Tom40p, perhaps due to a structural alteration in the proteins that leads to exposure or activation of a cryptic mitochondrial targeting signal [48, 49] . This is quite opposite to what we report here for Ynk1p : phosphorylation of Ynk1p lowers its binding to Tom40p, and this poor binding is unlikely due to structural alterations resulting from phosphorylation because of two reasons. First, we used urea-denatured Ynk1p for Tom40p-binding assays and, secondly, phosphorylation of Ynk1p has no effect on its resistance towards trypsin. It is, however, possible that the Ynk1p targeting signal is located close to, or overlaps with, the catalytic site and introduction of negatively charged phosphate on to the histidine residue at the catalytic site interferes with the recognition of the targeting signal by Tom40p. Much work is needed to determine how phosphorylation affects these protein-protein interactions. Nevertheless, inefficient recognition of Ynk1p by Tom40p due to Ynk1p autophosphorylation is unique and provides a novel mechanism of mitochondrial sorting.
How is cytoplasmically synthesized Ynk1p in i o partitioned between cytoplasmic and mitochondrial pools ? We propose that immediately after completion of Ynk1p synthesis on cytoplasmic ribosomes, most of the molecules are rapidly folded and assembled into active form. This may involve folding of the monomer and assembly into homo-oligomers that are enzymically active. The folded enzyme complex interacts poorly with the mitochondrial import machinery, and phosphorylation of Ynk1p may further inhibit this interaction. However, a small fraction of newly synthesized Ynk1p before rapid folding and phosphorylation remains translocation-competent, and these Ynk1p molecules are imported into the IMS of mitochondria. Subsequent folding\oligomerization traps Ynk1p in the IMS and makes the import process unidirectional. It should be noted that most mitochondrial precursor proteins are imported into isolated mitochondria post-translationally (for review see [50, 51] ). However, it is possible that some proteins are in i o imported co-translationally [52] . For example, cytosolic polysomes remain attached to mitochondria particularly when the cytosolic protein synthesis is blocked, and these polysomes are enriched in mRNAs for imported mitochondrial proteins [53, 54] . Furthermore, import of a few proteins appears to be strictly cotranslational both in itro and in i o [55, 56] . A population of Ynk1p might be co-translationally imported and in this way maintain an unfolded translocation-competent conformation.
A key question is : what does Ynk1p do in the mitochondrial IMS ? ATP synthesized in the mitochondrial matrix is exchanged for ADP across the inner mitochondrial membrane by an ADP\ATP carrier ; ATP thus exported to the IMS can then diffuse across the outer mitochondrial membrane into the cytosol. Ynk1p being localized in the IMS may utilize some of the exported ATP to provide compartmentalized synthesis of other NTPs, particularly GTP that in turn participates in mitochondrial biogenesis. This notion is supported by our earlier observation that GTP in the IMS is generally required for efficient import of precursor proteins into the mitochondrial matrix [26] . Because GTP is hydrolysed during the import process, Ynk1p activity may help in maintaining a critical concentration of GTP in the IMS. Likewise, Ynk1p may supply GTP to the dynamin-related GTPase, Mgm1p, which is an IMS protein required for maintenance of fusion-competent mitochondria [57] . This would be reminiscent of a recent finding that cytosolic NDPK-dependent supply of GTP determines the rate of endocytosis mediated by the GTPase dynamin [3] . NDPK has also been shown to interact directly or indirectly with other GTPases and to modulate their activity through GTP loading and\or GTP hydrolysis [58] [59] [60] [61] . By analogy to other NDPKs, Ynk1p may also have a protein phosphotransferase activity, thereby serving as a protein kinase in the mitochondrial IMS. Our assays described here will certainly help in the identification of Ynk1p substrate protein(s).
